• The modulus of elasticity was affected by both microfibril angle and wood density, whereas the modulus of rupture was mainly affected by wood density in Picea glehnii.
Introduction
The genus Picea is one of the most important for forestry use in the boreal zone of Japan as well as in northern European and North American countries. A total of seven Picea species are naturally distributed in Japan (Farjon 1990) . Of these, Picea glehnii (F. Schmidt) Mast. is considered the most important for wood production in Hokkaido (Japan) because it is highly resistant to damage caused by late spring frosts and to rat attacks (Myodes rufocanus bedfordiae Thomas) compared with other species, such as Abies sachalinensis (F. Schmidt) Mast. or Larix kaempferi (Lamb.) Carrière (Kita 2008) . P. glehnii has been targeted for tree breeding programs in Japan (Ohba and Katsuta 1991; Kita 2008) .
Because P. glehnii wood is mainly used as construction lumber, the modulus of elasticity (MOE) and modulus of rupture (MOR) are important wood properties for this species. In juvenile wood, which is formed within the first 10th-20th annual ring from the pith, low values of MOE and MOR are due to low values in wood density and high values of microfibril angle (MFA) of the S 2 layer in tracheids (Zobel and van Buijitenen 1989; Moore and Cown 2017) . The improvement of MOE and MOR, particularly in juvenile wood, enhances the future utilization of P. glehnii wood. In contrast, the effects of wood density and MFA on MOE and MOR in juvenile wood seem to differ from those in mature woods as reported for several coniferous wood species (Cown et al. 1999; Ishiguri et al. 2009; Tanabe et al. 2017) . Therefore, the level of contribution of wood density and MFA to MOE and MOR should be considered for effective improvements of these traits.
A possible method to improve the mechanical properties of wood is genetic improvement using tree breeding programs. Wood properties are controlled not only by genetic factors but also by environmental factors (Zobel and Sprague 1998) . When a wood property is more controlled by genetic factors than by environmental factors, the effect of genetic improvement programs is likely to be effective. In tree breeding for the improvement of wood quality in P. glehnii, variations in wood properties have been investigated mainly among plus-tree clones (Akutsu and Iizuka 1998; Iizuka et al. 1999 Iizuka et al. , 2000 . In contrast, information regarding among-family variations of wood properties in P. glehnii is limited (Iizuka et al. 2001; Tanabe et al. 2015) . Lenz et al. (2011) pointed out that the optimal age of which selection maximizes genetic gain might vary because the contribution of genetic factors to wood properties varies with radial direction. Thus, among-family variation and within-tree radial variations of MOE and MOR and their related traits should be evaluated in P. glehnii to provide basic information regarding the age for selection in a tree breeding program.
In the present study, wood properties [MFA, air-dry density (AD), MOE, and MOR] were evaluated in nine open-pollinated families of P. glehnii grown in a progeny test site at Chitose, Hokkaido, Japan to clarify radial and among-family variations of wood properties and relationships between growth characteristics and wood properties. The possibility of exerting an early selection is also discussed.
Materials and methods

Materials
Samples were harvested from a progeny test site in Chitose, Hokkaido, Japan (42°47´N, 141°27´E). This progeny trial includes 15 families from five provenances. Open-pollinated seeds of P. glehnii were collected from 15 mother trees grown in five natural forests and used for preparing seedlings. Six-year-old seedlings were planted at the site in 1968 using a randomized complete block design with three replicates. Each plot comprised 150 trees from a family. The initial spacing between trees was 1.5 by 1.2 m (4200 tree ha -1 ). No pruning was applied until sampling. In December 2009, first thinning was conducted by removing a row of each plot. Of these thinned trees, intermediate or co-dominant trees were selected. Dominant, suppressed or abnormal trees with visible defects and trees grown in the edge of the plot were not selected as sample trees. Across three blocks, one to three trees per block were used while sample trees of Akan 104 and Honbetsu 111 were collected from single block. A total of 56 trees from nine open-pollinated families (approximately six trees per family) were used (Table 1) .
Measurements
Before felling, stem diameter at 1.3 m above the ground was measured for all sampled trees. Then, 3-cm-thick disks and 40-cm-length logs were collected from 1.3 to 1.8 m above the ground from each sampled tree.
The disk was cut into bark-to-bark strips for measuring the annual ring width (ARW). Image data on the transverse section of each bark-to-bark strip were captured by a scanner (MP-650, Canon, Tokyo, Japan) with a resolution of 300 dpi. ARW from the pith to the bark was measured on each annual ring in two directions on each bark-to-bark strip using ImageJ (Abràmoff et al. 2004) . ARW in each tree was expressed by the mean value of ARW measured in the two directions.
Small wood blocks [approximately 5 (L) × 5 (R) × 5 (T) mm] were prepared from one side of each strip at every 5th annual ring (i.e., 5th, 10th, 15th, 20th, 25th, and 30th annual ring from the pith). MFA of the S 2 layer in latewood tracheid was measured by the iodine method (Kobayashi 1952; Senft and Bendtsen 1985) . Radial sections, 15-μm thick, were obtained from each block using a sliding microtome (REM-710, Yamato, Asaka, Japan). These sections were treated with Schulze's solution (100 mL of 35% nitric acid containing 6 g of potassium chlorate) for 15 min, rinsed with distilled water, and dehydrated through a graded series of ethanol. Dehydrated sections were then immersed in a 2% iodine-potassium iodide solution, and a drop of 60% nitric acid was added to each section. Photomicrographs were taken using a digital camera (E-330, Olympus Corporation, Tokyo, Japan) attached to a light microscope (CX-41, Olympus Corporation, Tokyo, Japan). MFA was measured for each latewood tracheid using ImageJ on the digital photomicrographs; MFA was determined at each radial position by averaging the measurements of 30 latewood tracheids. For the static bending test, three to four radial boards (3-cm in thick) were collected from three radial directions in 40-cm-length logs of each tree. These boards were air-dried in the laboratory without humidity control and planed into 1.5-cm thickness. Small clear specimens [240 (L) × 15 (R) × 15 (T) mm] were ripped from the planed boards. The annual ring number presented in the cross-section of each specimen was recorded and used to determine the radial variation of wood properties measured from small clear specimens according to the method described by Tanabe et al. (2014) . Dimension and weight of each specimen were measured to determine AD of small clear specimens before the static bending test. Three point static bending test was conducted using a universal testing machine with a bending span of 210 mm (MSC-5/500-2, Tokyo Testing Machine, Tokyo, Japan). The load was applied at the radial face of center of the specimen at a speed of 2 mm min -1 . MOE and MOR were determined using load-deflection diagrams. After the static bending test, small blocks were collected from each specimen to measure the moisture content.
Moisture content values ranged from 7.5% to 9.6 % (8.6 ± 0.5%)
Data analysis
To evaluate the within-tree radial variation of wood properties (AD, MOE, and MOR), the methods described by Tanabe et al. (2014) were applied to data obtained from small clear specimens. Because of limited data obtained between the 16th-20th, 21st-25th, and 26th-30th annual ring, analysis of variance (ANOVA) among families was conducted to compare data obtained for the 1st-5th, 6th-10th, 11th-15th, and 16th-30th annual ring using an open source statistical software (R Core Team 2016). The coefficient of variation (CV) was calculated by dividing the standard deviation by the mean value of nine families at each position. Correlation coefficients (r) between ARW and wood properties were separately calculated for juvenile and mature woods. In this study, the boundary between juvenile and mature woods was assumed at the 15th annual ring from the pith according to a previous report on P. glehnii (Tanabe et al. 2015) . Age-age correlation of each wood property was determined by calculating correlation coefficients between mean values from pith to bark and values at each radial position.
Results
Figs. 1 and 2 show the within-tree radial variation of wood properties. ARW gradually increased, reaching its maximum value at the 9th annual ring from the pith, after which it decreased until the 25th annual ring. Finally, ARW showed an almost constant value from the 25th to the 30th annual ring (Fig. 1) . MFA showed the highest value at the 5th annual ring (ca. 18°), which gradually decreased and stabilized around 7° after the 15th annual ring (Fig. 1) . AD decreased until the 11th-15th annual ring and increased thereafter (Fig. 2) . The mean value of MOE across the nine families gradually increased to the 25th annual ring, stabilizing between the 21st-25th and 26th-30th annual ring. Family mean MOE values were 5.9 ± 0.5 GPa near the pith and around 10 GPa after the 25th annual ring from the pith (Fig. 2) . MOR values were almost constant from the pith to the 15th annual ring (ca. 65 MPa). After this, MOR values increased after the 21st-30th annual ring (73-82 MPa, Fig. 2) . Table 1 shows mean value from the pith to the 30th annual ring of each wood property and F-value obtained by ANOVA. The highest value of ARW was detected in Asyoro 101 (3.1 mm) and the lowest was Honbetsu 106. MFA in nine families ranged from 9.0° (Honbetsu 106 and Honbetsu 111) to 10.9° (Akan 104) and mean value was 9.7 ± 0.6°. The lowest and highest values of AD were 0.40 g cm -3 (Asyoro 101 and Honbetsu 107) and 0.44 g cm -3 (Honbetsu 106), respectively. Mean values of MOE and MOR ranged from 7.51 to 8.57 GPa and 66.1 to 77.2 MPa, respectively. Although F-value of stem diameter and ARW was not significant, significant differences among families were observed for MFA, AD MOE and MOR. Table 2 shows F-values obtained by ANOVA and CV of each wood property traits at each radial position. Regarding among-family variations, the highest F-value for ARW was found at the 6th-10th annual ring from the pith. After the 11th annual ring, F-values were below 1.2, which indicated no significant difference among families. Statistically significant F-values in MFA were observed at all radial positions investigated. However, the highest F-value of MFA was obtained at the 6th-10th annual ring, followed by 16th-30th annual ring from the pith. F-values and CV for AD were almost constant at 1st-5th, 11th-15th, and 16th-30th annual ring from the pith, whereas those at the 6th-10th annual ring were smaller than those for other positions. Regarding MOE and MOR, significant differences were observed among families at the 1st-5th, 6th-10th, and 11th-15th annual ring from the pith, and the highest F-values were observed at the 11th-15th annual ring. In contrast, no significant differences among families were found in MOE and MOR after the 16th annual ring. Table 3 shows correlation coefficients between ARW and wood properties in juvenile and mature woods (the boundary between juvenile and mature woods was assumed to occur at the 15th annual ring from the pith). ARW in juvenile wood was not significantly correlated with other wood properties, whereas it was negatively correlated with AD, MOE, and MOR in mature wood. Positive significant correlation coefficients between mean values were obtained for all position except for AD and MOR at the 1st-5th annual ring and MOE at the 26th-30th annual ring AD (Table 4 ). The highest correlation coefficient between wood properties was obtained at the 6th-10th annual rings for MFA, MOE and MOR, whereas for AD, it was obtained at the 26th-30th annual ring from the pith.
Discussions
Within-tree radial variation of wood properties
In the present study, the progeny test site was established by relatively dense spacing (4200 trees ha -1 ) compared to usual practice (2000-3000 trees ha -1 ) in Hokkaido district, Japan. Therefore, intertree competitions might occur in their early stage of growth. However, effect of narrower initial spacing on the results of ARW in the present study would be limited because suppressed trees were not sampled. A decrease of ARW after the 9th annual ring from the pith would be considered as crown of the site was closed at that time. Wider initial spacing or respacing before crown closure could delay the decrease of ARW, leading to increase in radial growth. Effects of stand density management on wood properties have been reported (Zovel and van Buijtenen 1989; Kuprevicius et al. 2013) . Therefore, further research is needed for effect of wider spacing or respacing on wood properties as well as ARW in this species.
In general, the within-tree radial variation of MFA shows a decreasing trend from the pith until the 15th-20th annual ring and then stabilizes toward the bark in Picea species (Alteyrac et al. 2006a; Gräns et al. 2009; Lenz et al. 2010; Tanabe et al. 2015 Tanabe et al. , 2017 and other conifers (Panshin and de Zeeuw 1980; Bendtsen and Senft 1986; Zobel and van Buijitenen 1989) . This trend is also observed in P. glehnii. In a previous study, the clonal mean value of MFA in P. glehnii decreased from the pith (approximately 18°) until the 20th annual ring and became almost constant at approximately 8° (Tanabe et al. 2015) . In the present study, similar values of MFA were observed, although the annual ring number at which the radial variation of MFA became stable was slightly different from that reported by Tanabe et al. (2015) .
Other studies have reported that the within-tree radial variations of MFA can be used as an indicator to decide the boundary between juvenile and mature woods (Bendtsen and Senft 1986; Alteyrac et al. 2006b ). In the present study, the boundary between juvenile and mature wood in nine families was considered to be at the 15th annual ring based on the radial variation of MFA (Fig. 1) . Kawaguchi et al. (1986) have investigated the radial variation of tracheid length in 51-year-old P. glehnii trees and reported that the boundary between juvenile and mature woods range from the 15th to 21st annual ring from the pith. In plus-tree clones of P. glehnii, the juvenile-mature wood boundary was estimated to be at the 15th annual ring from the pith (Tanabe et al. 2015) . Our results were similar to those reported previously, suggesting that the boundary between juvenile and mature woods in P. glehnii normally occurs around the 15th annual ring from the pith. However, some researchers have demonstrated that genetic/environmental differences as well as the method used to determine the boundary affect the transition age from juvenile to mature woods (Alteyrac et al. 2006b; Moore and Cown 2017) . Thus, further research focused on measuring the genetic variation of transition age or juvenile wood ratio in this species is required. The within-tree radial variation of wood density in Picea species was measured and generally categorized into the type II pattern of the Panshin and de Zeeuw's classification (Panshin and de Zeeuw 1980) : wood density decreases outward from the pith and increases to the bark (Kawaguchi et al. 1986; Kennedy 1995; Akutsu 1997; Alteyrac et al. 2006a; Gräns et al. 2009; Lenz et al. 2010; Tanabe et al. 2015) . Our results are consistent with those of previous reports; therefore, radial variation of wood density in P. glehnii is regarded as the type II pattern in the classification of Panshin and de Zeeuw (1980) .
In our study, both MOE and MOR values were in the range of those previously reported for P. glehnii (Kawaguchi et al. 1986; Akutsu 1997) , P. glauca (Moench) Voss (Kuprevicious et al. 2013) , and P. sitchensis (Bong.) Carrière (Mclean et al. 2016) . The radial variation pattern of MOE observed was similar to that in other species, showing an increase in juvenile wood and becoming stable in mature wood (Zobel and van Buijtenen 1989) . Compared with MOE, MOR showed a relatively small radial variation, particularly in juvenile wood. This result indicates that MOE is more variable than MOR in this species.
Radial variation of mechanical properties and effects of AD and MFA on them
Different effects of wood density and/or MFA on the mechanical properties of wood have been reported (Cown et al. 1999; Alteyrac et al. 2006a; Mclean et al. 2010 Mclean et al. , 2016 . Some researchers have also found that the effects of these traits on the mechanical properties vary between juvenile and mature woods (Cown et al. 1999; Ishiguri et al. 2009; Tanabe et al. 2017) . Cown et al. (1999) have reported in Pinus radiata D. Don that both wood density and MFA significantly affects MOE in juvenile wood, although wood density mostly contributed to MOE and MOR in mature wood. This tendency was also observed in P. jezoensis (Siebold et Zucc.) Carrière) (Tanabe et al. 2017) . Our results were similar to those of these reports, although the correlation coefficient between MOE and AD in juvenile wood was not significant (r = 0.416 in 9 families). Therefore, in our results, different effects of wood density and/or MFA reflect radial variations of MOE and MOR.
Because of the strong negative relationship between MOE and MFA, the radial variation of MOE is the reverse of that of MFA (Alteyrac et al. 2006a ). In the present study, although the radial variation of MOE showed the reverse pattern of that of MFA, the position of the annual ring at which MOE and MFA stabilized was different (Figs. 1 and 2) . In contrast, the contribution of AD to MOE was larger in mature wood (r = 0.919), indicating that the initial increase in MOE might be due to a decrease in MFA until the 15th annual ring. With an increase in AD, an increase in MOE follows from the 16th to the 25th annual ring from the pith.
Because MOR is a mechanical property that relates to wood density, the radial variation of MOR follows that of wood density (Torquato et al. 2014) . Kuprevicious et al. (2013) proposed that type II patterns of wood density in the classification of Panshin and de Zeeuw (1980) is caused by lower levels of the radial variation in MOR than in MOE in P. glauca. In addition, Ishiguri et al. (2009) also reported that MOR was almost constant from the pith to the bark in Cryptomeria japonica D. Don, although wood density near the pith showed a relatively higher value. In our study, the radial variation of AD in P. glehnii was also categorized into the type II pattern of the Panshin and de Zeeuw's classification. Consistently, MOR values near the pith were not smaller than those from other outer rings and they did not stabilize outward from the pith. This may be due to the increase in AD at the corresponding positions. Our results suggest that MOE and MOR can be estimated using radial variations of MFA and/or AD at the given annual ring because these properties are correlated to MFA and/or AD. Zobel and van Buijtenen (1989) pointed out that wood properties are more genetically controlled than growth characteristics. The results of ANOVA for each property in P. glhenii used here revealed similar tendency: although stem diameter and ARW were not significantly differed among families, there were significant differences among families in MFA, AD, MOE and MOR (Table 1 ). This result emphasizes that improvement gains by conducting tree breeding programs in this species might be bigger in wood properties compared to growth characteristics. However, it has been reported that the magnitude of the effect of genetic factors on wood properties varies across radial direction (Hylen 1999; Iizuka et al. 2001; Kumar et al. 2006; Gräns et al. 2009; Lenz et al. 2010 Lenz et al. , 2011 Chen et al. 2014; Tanabe et al. 2014 Tanabe et al. , 2015 Tanabe et al. , 2017 . Lenz et al. (2010) have reported three patterns of genetic effect on wood properties across radial direction in P. glauca: 1) heritability firstly increased and then became constant around the 10th annual ring, 2) heritability increased from the pith to the 16th annual ring, and 3) heritability showed almost constant value from the pith to the 16th annual ring. In contrast, it has also been reported that genetic effects might become unclear because of environmental effects such as crown closure, resulting in a lower heritability (or repeatability) in P. abies (L.) Karst. (Hylen 1999) , P. glehnii (Iizuka et al. 2001) , and P. radiata (Kumar et al. 2006) .
Among-family variations
F-values are used to measure the ratio of among-family variations to that of within-family variations; a higher F-value can be used as an indicator of a higher genetic control (Ide and Shiraishi 2012) . In addition to F-values, CV reflects the degree of among-family variations in a trait (Lynch and Walsh 1998) . Therefore, the radial position, where both F-value and CV in wood properties were estimated to be higher, would be expected to obtain significant genetic gain through genetic improvement programs. In the present study, similar to F-values, CVs at the 6th-10th or 11th-15th annual ring were generally higher than those after the 16th annual ring from the pith (Table 2) . Remarkable decrease in F-value in ARW as increasing of annual rings might be due to increase in environmental effects, such as crown closure. However, although MOE and MOR also did not show significant differences among families at the 16th-30th annual ring, AD and MFA showed significant among-family variations in corresponding position. Therefore, environmental effects on degree of genetic control would be small in AD and MFA. When F-values were compared between mean values (Table 1) and each radial position (Table 2) , F-values obtained from 6th-10th and 11th-15th annual ring from the pith were generally higher than those from mean values from pith to bark. Because larger amount of genetic variation indicates larger genetic gain, analyses for each radial position is favor to detect larger degree of among-family variation for selection, and useful for practical tree breeding in this species. Overall, among-family variations in P. glehnii are predominant in juvenile wood, indicating that the genetic improvement of wood properties is more effective at these positions. Therefore, to produce high quality timber, desirable juvenile wood quality should be one of the important criteria for selection of superior families in further tree breeding programs of P. glehnii.
Relationships between ARW and wood properties, and age-age correlations
Relationships between radial growth characteristics and wood properties, particularly wood density, in Picea species are generally negative (e.g., Zobel and van Buijtenen 1989; Rozenberg and Cahalan 1997) . Interestingly, in our study, all investigated wood properties in juvenile wood were not significantly correlated to ARW (Table 3 ). The reason of this observation might be smaller variations of ARW in juvenile wood (less than 10% in CVs). Sampling strategy (no suppressed and dominant trees were used) in this study might be masked inter-tree competition during younger tree age, resulting in smaller variation of ARW in juvenile wood of this samples. On the other hand, there were families with both better radial growth and wood properties than mean values of nine families. This result suggests that selection of families with superior radial growth and wood properties would be possible in a tree breeding program in P. glehnii.
Age-age correlation coefficients of wood properties, particularly for wood density, were positively strong in Picea species (Rozenberg and Cahalan 1997; Iizuka et al. 1999 Iizuka et al. , 2001 Gräns et al. 2009; Lenz et al. 2011; Chen et al. 2014; Tanabe et al. 2014; ) . Our results also indicate that an early evaluation of wood properties would be more effective using wood property data at the 6th-10th annual ring from the pith in P. glehnii (Table 4 ). In contrast, as described previously, F-values and CV of wood properties were also higher at the 6th-15th annual ring from the pith ( Table 2 ), suggesting that progeny test at the 6th-15th annual ring from the pith is important in tree breeding for improved wood quality in P. glehnii. This suggestion is similar to that of Chen et al. (2014) who reported that early selection is more effective after the 10th annual ring because of lower heritability for earlier rings (e.g., 6th annual ring) in P. abies.
Conclusions
In this study, MFA, AD, MOE, and MOR were evaluated for nine open-pollinated families of P. glehnii grown in a progeny test site at Chitose, Hokkaido, Japan. All wood properties investigated showed different radial variations. The radial variation of MOR was relatively similar to that of AD, whereas the radial variation of MOE seemed to be related to MFA and AD, which may have been due to different effects of MFA and/or AD on MOE or MOR in juvenile and mature woods. Wood properties significantly differed among the nine families, particularly at the 6th-15th annual ring, except for ARW at the 11th-15th annual ring and AD at the 6th-10th annual ring, suggesting a larger contribution of genetic effect for these traits at these positions. In addition, CVs of these properties at the same positions were also high. Moreover, wood properties at the 6th-15th annual ring from the pith were positively correlated with overall mean values of these properties. Therefore, genetic improvements targeting wood properties for producing high quality timber in P. glehnii could be more effective by evaluating wood at the 6th-15th annual ring from the pith. 
